Genomic prospecting for microbial biodiesel production

Athanasios Lykidis*
Genome Biology Program
DOE-Joint Genome Institute

2800 Mitchell Drive
Walnut Creek, CA 94598
Tel: 925-296-5842
Fax: 925-296-5840
Email: alykidis@Ibl.gov

Natalia | vanova
Genome Biology Program
DOE-Joint Genome Institute

2800 Mitchell Drive
Walnut Creek, CA 94598
Tel: 925-296-5832
Fax: 925-296-5840
Email: nnivanova@|bl.gov

*Corresponding author. Send proofs to:

Athanasios Lykidis

Genome Biology Program

DOE-Joint Genome Institute

2800 Mitchell Drive

Walnut Creek, CA 94598

This work was performed under the auspices of the US Department of Energy'0ffice

Science, Biological and Environmental Research Program, and by the UgigéGdlifornia,
Lawrence Berkeley National Laboratory under contract No. DE-AC02-03¢8il, Lawrence

Livermore National Laboratory under Contract No. DE-AC52-07NA27344, and Los Alamos

National Laboratory under contract No. DE-AC02-06NA25396.



Abstract

Biodiesel is defined as fatty acid mono-alkylesters and is produced fraylghaerols. In the
current article we provide an overview of the structure, diversity and regutdtthe metabolic
pathways leading to intracellular fatty acid and triacylglyceroladation in three types of
organisms (bacteria, algae and fungi) of potential biotechnological inder@stiscuss possible
intervention points to increase the cellular lipid content. The key steps thatteecardbon
allocation and distribution in lipids include the formation of malonyl-CoA, the syistioé$atty
acids and their attachment onto the glycerol backbone, and the formation ofly@ayils.

The lipid biosynthetic genes and pathways are largely known for select modesorga
Comparative genomics allows the examination of these pathways in organisms of
biotechnological interest and reveals the evolution of divergent and yet unchagdcte
regulatory mechanisms. Utilization of microbial systems for triagghglbl and fatty acid
production is in its infancy; however, genomic information and technologies combined with
synthetic biology concepts provide the opportunity to further exploit microbes for the

competitive production of biodiesel.

1. Introduction



Biodiesel is defined as the mono-alkyl esters of long chain fattlg acid constitutes an
alternative fuel for compression-ignition (diesel) engines. The most oarbindiesel
constituent used today is fatty acid methyl etsters. Currently, tha ofitatty acids is
triacylglycerols (TAGSs) recovered from vegetable oils and animal fatodiesel is non-toxic,
completely biodegradable fuel with reduced sulfur emissions. It is producedansveountries
on a large scale. The main source of biodiesel in the U.S is soybean oil andgyelsa/
whereas in Europe and Asia it is rapeseed and palm oil respectively. Igsesl ttee current and
projected production cost of biodiesel is 2-3 times higher than the petroleum based produc
Based on these projections it has been assumed that biodiesel can not be avmmpetiti
alternative to petroleum based fuel. However, microbial metabolic enigigg@eesents a unique
opportunity to lower the costs associated with the raw materials used in Hipdoekection.

Biodiesel production from plant oils encounters certain limitations regardimiyntize
availability of oil-seed supplies in suitable quantities and at competitivesprion the contrary,
the use of microbial systems for biodiesel production, although not exploited indusinially
now, holds the promise to overcome these limitations. In addition, microbes can bd tailore
utilize various carbon sources as feedstock for the production of oils, such as waste or
agricultural byproducts. The current article will focus on the structureegyutation of the
pathways utilized by various microbes (bacteria, algae, and yeast) foothection of fatty
acids and TAGs (Figure 1).

From 1978 to 1996 the U.S. Department of Energy supportedtjuatic Soecies
Program: Biodiesel from Algae’
[http://wwwl.eere.energy.gov/biomass/pdfs/biodiesel from_algae.pdf | ibounsthe

production of biodiesel from algae grown in ponds, utilizing waste f@@n coal fired power



plants. The program generated a collection of approximately 300 oil-prodpeicigs mostly
green algae and diatoms. It also explored the commercial utilization of tigasésars in open
pond production systems. Funding for this program ceased in 1995 due to budget limitations.
More than a decade later we can see that the major limitation of themrogsabeen the

absence of genetic and molecular tools for exploration and manipulation of the géneaypa
and regulatory elements responsible for oil accumulation in these species.oJiaenpended at
the same period when major inroads in understanding the genes and regulatorysmschani
operating in lipid metabolism were happening in other organisms. Therefore, imrcvef

the performance of these algal cultures by manipulating the key enzymegyalatars and/or
knocking out catabolic pathways could not be approached at the timeAxfuditec Soecies

Program. At present, we already have whole genome sequences of seven algal spec@m&and m
genomes are expected to be sequenced in the next few years. These data shoultigrovide t
foundation for a better understanding of the biosynthetic pathways and reguoktiwoyks of

lipid metabolism in these organisms.

2. Lipid-accumulating microbes.

Biosynthesis and accumulation of TAGs has been reported in a number of microbes
including bacteria, algae and yeast. The buildup of TAG in bacteria has been @dlnsaimg in
organisms belonging to the actinomycetes group, subtyeabacterium, Streptomyces,
Rhodococcus andNocardia (Alvarez and Steinbuchel, 2002%reptomyces species accumulate
TAGs during the post exponential phase to concentrations ranging between 50-150dngyl me

(Olukoshi and Packter, 1994). Other actinomycetes also accumulate TAGs and mayuonta



to 8-20% of cellular dry weight in fatty acids (Alvarez and Steinbuchel, 2003gparate group
of gram-negative bacteria has been shown to accumulate TAG and wax esteso{dshg-
chain fatty alcohols and fatty acids). For instance, celgioktobacter species accumulate
large amounts of wax esters when they grow in a nitrogen-limited medium in seagzef
alkanes or alkanols (Ishigeal., 2002).

In addition to bacteria, two classes of eukaryotic microbes contain organigms w
remarkable abilities to accumulate lipids. Certain fungi, sudhaaserella ramanniana,
species ot.ipomyces andRhodotorula, can accumulate substantial amounts of TAGs above 50%
of their dry weight (Ratledge and Wynn, 2002), Three genomes of oleaginous fungi have bee
completely sequence@spergillus nidulans (Galagaret al., 2005),Debaryomyces hansenii
(Dujonet al., 2004), andrarrowia lipolytica (Dujonet al., 2004) and they will serve as our
paradigms in this review. These organisms accumulate approximately 20-3@8is oéltiular
mass as lipids.

Besides fungi, algae have been long known to accumulate lipids and particul&sy TA
(Guschina and Harwood, 2006). Algae have attracted particular attention for biotemtaholog
applications and several efforts are under way to exploit their utility indsetproduction. The
effect of various growth parameters (nutrient limitation,Qi@ht intensity) on the lipid
composition of several algal species has been studied. Factors that fasasadaengracellular
TAG levels include nutrient limitation, increased £fncentration and increased light density.
Silicon, nitrogen or phophorus limitation caused an increase in TAG content and a concomitant
decrease of polar lipids in the freshwater dia@ephanodiscus minutulus (Lynn et al., 2000).
Growth of algaeTichocarpus crinitus) at high light densities resulted in a 50% increase in the

levels of intracellular TAGs (Khotimchenko and Yakovleva, 2005). The same comelat



between light intensity and TAG accumulation was observed in the green filamalg@aus
Cladophora spp. (Napolitano, 1994). TAGs were also accumulat€&hiamydomonas sp.
grown in medium at pH 1 compared to cells grown at higher pHs (Tatsarzalyal996). Data
from seven algal genomes are currently available: the red @gagdi oschyzon merolae
(Matsuzakiet al., 2004) andsaldieria sulphuraria (Barbieret al., 2005), the diatoms
Thalassiosira pseudonana (Armbrustet al., 2004) andPhaeodactylum tricornutum (unpublished;
sequence data available at http://www.jgi.doe.gov), the chloropBgtesococcus tauri and
Ostreococcus lucimarinus (Derelleet al., 2006; Palenilet al., 2007), andChlamydomonas

reinhardtii (unpublished; sequence data available at http://www.jgi.doe.gov).

3. Fatty acid synthesis.
3.1 Initiation of fatty acid synthesis. Acetyl-CoA is a central metabolite synthesized from
pyruvate. Acetyl-CoA carboxylase (ACC) is the committed step in faitiyaosynthesis and
constitutes the entrance gate of carbon towards cellular lipids. It catégzATP-dependent
conversion of acetyl-CoA to malonyl-CoA. Acetyl-CoA is a key metabatittaabranching
point in intracellular carbon distribution. Bacterial ACC is heteromerpe(y ACC) and is
composed of four subunits encoded by distinct genes: the biotin carboxyl carrier jaicaigin,
biotin carboxylasaccC; and two proteins catalyzing the carboxyltransferase reaatm@nand
accD (Cronan and Waldrop, 2002).

The ACC subunits described above are fused into a single polypeptide encoded by one
gene (type-1 ACC) in higher eukaryotes resulting in a homomeric enzyme fornt. The
cerevisiae genome encodes two ACC enzymes. The first (ACC1) is a 2233 amino acid long

protein and it is located in the cytosol (Al-Feedl., 1992; Hasslachet al., 1993), whereas the



second (Hfal) is targeted to mitochondria and is approximately 2120 amino acids dane (H
al., 2004). The two yeast ACC isoforms appear to have unique functions in yeast physiology
since mutations in the two genes have different phenotypes and the genes do reheompl
each other ACC1 is involved in cytoplasmic fatty acid biosynthesis and its disruption is lethal
and cannot be compensated by external fatty acids. On the cdf@tymutants are viable,

but fail to grow on lactate and glycerol and have reduced intracellular levgisiofacid
(Tehlivetset al., 2007). Analysis of the genomesAmidulans, D. hansenii andY. lipolytica
demonstrates that each of them contains only one ACC isoform more closely te e

cytosolic yeast ACC1 (locus tags AN6126.2, DEHAOB05632g and YALIOC11407g,
respectively).

In contrast to yeasts, many plants contain both ACC forms, the heteromeriio fibre
plastid and the homomeric form in the cytosol (Sasaki and Nagano, 2004). The only isolated
algal ACC gene, that ofCyclotella cryptica (Roessler and Ohlrogge, 1993), and codes for a
single polypeptide of 2089 amino acids. However, ACC homologs are easily aldatifi all
available algal genomes: pseudonana, P. tricornutum andO. tauri genomes encode two large
ACC polypeptides whered&s merolae andG. sulphuraria both have only one type-1 ACC
homolog in the available data. Notal@y,rheinhardtii is missing type-1 ACC homologs, but it
has a type-Il heteromeric ACC. The ACCL1 isofornT gbseudonana contains a chloroplast
targeting sequence at the amino terminus of the predicted coding sequence Ineoela$\the
ACC2 predicted protein sequence is not complete at the respective amino tezgioral r

Several lines of evidence from different organisms suggest that the ACIS atkey
regulator of carbon flow towards fatty acids and lipids. In bacteria, ovessipn of ACC

activity increases the flow of carbon though the fatty acid-lipid biosyrsiteanch of cellular



metabolism (Davist al., 2000). Overexpression Afabidopsis ACC in the amyloplasts of
potato tubers increased fatty acid synthesis and led to a 5-fold increase iotime aim
accumulated TAGs (Klaugt al., 2004). On the contrary, down-regulation of the ACC1
expression imBrassica napus resulted in lower lipid content (Slabetsal., 2002). Although the
effect was not substantial (lipid levels in mutant strains were only 10-30% tloarein the wild
type plants), the results were consistent with the proposed role of this elczste@in
regulating carbon flux towards fatty acids.

The regulation of bacterial ACC has been studidel moli andB. subtilis. Transcription
levels of the fouacc genes irE. coli andB. subtilis are directly correlated with the growth rate
(Li and Cronan, 1993; Marirgt al., 2001). HoweveraccBC expression from the native
promoter did not depend on gene copy number suggesting a transcriptional regulation
mechanism. Subsequent work demonstrated that the AccB protein functions as an atoregul
of theaccBC operon inE. coli suppressing its expression (James and Cronan, 2004).

In yeast ACC activity is regulated at multiple levels. Accl geneessmn is controlled
in coordination with membrane phospholipid biosynthesis by the Ino2/Ino4 and Opil
transcription factors (Hasslachetral., 1993). In addition, posttranslational modification by
phosphorylation appears to inactivate yeast AQGvo (Witters and Watts, 1990). Tise
cerevisiae Ino2/Ino4 and Opil transcription factors are major regulators of lipid metabaihd
control the expression of multiple genes such as fatty acid synthases and phakpholipi
biosynthesis genes (Carman and Henry, 1999). They exert their function byyhmtiASNo
(Upstream Activating Sequences INO) elements. Ino2 and Ino4 form a hetergdactivator
complex that binds the 10-bp UAS element. Opil is a negative regulator required for the

repression of UARo associated genes. Opil is retained in the ER by forming a complex with



the membrane protein Scs2p. Intracellular levels of phosphatidic acid (PédO& a signal
regulating the translocation of Opil to the nucleus. Opil binds PtdOH and high concentrations
of PtdOH in the ER membrane are required for its retention in the ER. However, adh Pt
concentrations drop Opil is released and translocated to the nucleus wherssescihre
transcription of lipid biosynthetic geneé. nidulans, D. hansenii andY. lipolytica contain

proteins (AN8817.2, DEHA0G03894g and YALIOC14784q, respectively) with approximately
25% identity toS cerevisiae Opil. The relatively low similarity score does not allow confident
prediction that these proteins are involved in the regulation of lipid metabolism in armanne
similar to Opil. Furthermore, there are no proteins with significant sityita Ino2p and Ino4p

in A. nidulans, D. hansenii andY. lipolytica suggesting the existence of a divergent set of

regulators controlling fatty acid and lipid metabolism in these oleaginous fung

3.2 Elongation steps of fatty acid synthesis. Two distinct enzyme systems catalyzing the
synthesis of fatty acids have been described. The type-I systems (FFABBIly found in
yeasts and mammals, include large multifunctional proteins harboring alldbssaey
enzymatic activities in one polypeptide. On the contrary, the type-IlI systemeraposed of
monofunctional proteins. Fatty acid biosynthesis in most bacteria proceeds viythetiik or
dissociated, system (FASII). In both systems fatty acid biosynthesis isviotealistinct
enzymatic steps: 1) the first step, catalyzed by malonyl-CoA:A@Bdcylase, transfers the
malonyl group from CoA to acyl carrier protein (ACP) to form malonyl-A@fch serves as an
immediate donor of the two-carbon acetyl units used in fatty acid elongation; Pnthensing

step, catalyzed bfy-ketoacyl-ACP synthases, adds the two-carbon unit to the growing acyl-ACP

3) the NADPH-dependent reduction step catalyzef-kgtoacyl-ACP reductases yielfls



hydroxyacyl-ACP; 4) the dehydration step catalyze@{mydroxyacyl-ACP dehydrases yielding
trans-2-enoyl-ACP; and 5) the last reductase step catalyzed by enoyl-AG&ases which

forms a saturated acyl-ACP serving, in turn, as the substrate for another ediodarsction
(Marrakchiet al., 2002). A repetitive series of reactions follows adding two-carbon units per
cycle, until a saturated fatty acid of 16-18 carbons is formed. 3otm®bacteria e.qg.
Mycobacteria, Corynobacteria, Nocardia utilize both FASI and FASII systems. Work in
Mycobacteria has shown that the FASI system is utilized for the production of fatty acids up to
18 carbon long and FASII elongates them to 26-30 (Schweizer and Hofmann, 2004). However
severalActinobacteria genera of industrial interest efjreptomyces do not have a FASI system
and utilize exclusively the dissociated pathway. Several recent resiewsarize the current
understanding of the genes that participate in bacterial fatty acid signt@ampbell and

Cronan, 2001b; Zharg al., 2003).

The type-Il system is also present in plants and it is localized in the @hbkbdgh all of
its components are encoded by the nuclear genome (Ohlrogge and Jaworski, 1884 .taSi
plants all available algal genomé&s (nerolae, T. pseudonana, P. tricornutum, O. tauri, O.
lucimarinus andC. rheinhardtii) encode homologs of the type-1l components indicating the
presence of the dissociated system for fatty acid biosynthesis in thessmgand its probable
localization to the chloroplast.

While most higher eukaryotes utilize a type-I system (FASI) contaatirfive activities
in a single large polypeptide, fungi have these activities located on two polysepsde
exemplified by the FAS13(subunit) and FAS2o( subunit) enzymes @. cerevisiae (Tehlivets
etal., 2007). The yeast FAS holoenzyme is a hexameric compleocated in the cytosol.

Homologs of thes. cerevisiae FAS1 and FAS2 subunits are easily recognized in the genomes of

10



D. hansenii, Y. lipolytica andA. nidulans. In addition,S. cerevisiae contains a complete type-Ii
fatty acid synthesis system localized in mitochondria; products of thysafatt synthase are
utilized for lipoic acid formation and they do not appear to be significant contributors to

phospholipid and TAG formation.

3.3 Termination steps of fatty acid biosynthesis.

Fatty acid biosynthesis systems have evolved to produce acyl chains ajgpetxit-18
carbon atom long; longer fatty acids are produced in many organisms bycspgstiéims (fatty
acid elongases). In bacteria there is no specific mechanism for tengiaeyil chain
elongation; when acyl-ACP reaches 16 or 18 carbons it becomes a substrate for the
acyltransferases that will attach the fatty acyl chain onto therghfsackbone to produce
phospholipids. However, plants have a special class of enzymes that will teriménatyl
chain elongation by hydrolyzing the thioester bond of acyl-ACP thus releasentafty acids
and ACP. This enzyme is knownfasty acylACPthioesterase (FAT) and is localized in the
plastid. Free fatty acids produced by FAT exit the plastid and are rdiegteith CoA. The
resulting acyl-CoAs are utilized for glycerolipid biosynthesis in the E&seB on sequence
similarity and substrate specificity two classes of thioestetemesbeen described: the FATA
class which is active on unsaturated acyl-ACPs and the FATB class wHiets @aurated acyl
groups (Salas and Ohlrogge, 2002). Unlike higher plants that contain multiple FAT thenes
genomes of alga@. reinhardtii, O. tauri andO. lucimarinus contain only one FAT homolog,
while C. merolae and the diatom$. pseudonana andP. tricornutum have no FAT homologs in

the current assemblies, so the mechanism of acyl chain termination in tlaeses algknown.
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An important observation with regard to the possibility of microbial biodiesel pioduct
has been made when FAT enzymes were overprodudedah. Expression of a plant
(Umbellularia californica) medium-chain FAT in ak. coli strain deficient in fatty acid
oxidation resulted in a four-fold increase of the fatty acid output of the bactdtialec(Voelker
and Davies, 1994). Thus far it represents the most efficient way to uncouple ithfyraation
from phospholipid and membrane biosynthesig.iooli. The resulting fatty acids were enriched
in acyl chains of 14 carbon atoms indicating that the production of fatty acidspetific acyl
length may be feasible using enzymes with the appropriate specificityeringwhe acyl chain
length of the fatty acid esters may have substantial effects on the plpysjpaities and overall

performance of the resulting fuels.

3.4 Regulation of fatty acid biosynthesis.

Fatty acid synthesis is regulated at multiple points and different meofsoperate to
provide transcriptional and biochemical control of the carbon flow towards lipids. The
regulation of fatty acid biosynthesis has been studi&d eoli andB. subtilis which serve as
models for gram negative and gram positive bacteria, respectively. Extetsk/en E. coli
demonstrated that fatty acid biosynthesis is regulated coordinately vegppdlipid
biosynthesis and growth in response to changes in the environment. Fatty acid bissynthes
ceases when bacteria enter the stationary phase. This response isdchigdilae intracellular
levels of ppGpp (guanosine 5-diphosphate-3-diphophate). Elevated levels ofipp@&pp
inhibit PIsB, the first acyltransferase catalyzing the attachmestydfgroups to glycerol-3-
phosphate (Heattt al., 1994). The inhibition of this first step of PtdOH formation leads to

elevated levels of acyl-ACPs (Heath and Rock, 1996a; Rock and Jackowski, 1982) which, in
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turn, serve as feedback inhibitors of three key enzymes in the pathway. The&dGris
inhibited by long-chain acyl-ACPs (Davis and Cronan, 2001) resulting in a detfeasef
malonate groups into the pathway. The first enzyme in fatty acid biosynthaisis, is also
inhibited by acyl-ACPs (Heath and Rock, 1996a, 1996b) resulting in the attenuatitiy atia
biosynthesis initiation. Finally, acyl-ACPs inhibit the last enzyme iy tatid elongation, Fabl,
slowing the overall rate of fatty acid formation (Heath and Rock, 1996a). Fattlyiasynthesis
can be uncoupled from phospholipid synthesis and growth stage by overexpression of
thioesterases (Cho and Cronan, 1995; Dornghah, 1995; Jiang and Cronan, 1994; Ohlrogge
et al., 1995; Voelker and Davies, 1994). Thioestereases hydrolyze the acyl-ACP thioester
releasing free fatty acid and ACP terminating the acyl elongatida.cyde resulting free fatty
acids are secreted en masse to the medium and these strains are verpdjdatesdor further
exploration with regard to biodiesel production.

Transcriptional regulation of bacterial fatty acid biosynthesis is, inrggm®orly
understood. There are two well-documented examples of transcriptional regulddaartesial
fatty acid biosynthesis, one in gram-negative and one in gram-positive babitdfiacoli, two
TetR-type transcriptional regulators, the activator FadR and the repFeds®y have been
shown to regulate the expressiorfaidA andfabB genes. The FadR was initially discovered as a
repressor of fatty acid degradation genes (DiRusso and Nunn, 1985; Gvefgth969) and
was subsequently shown to be an activatdaloh (Henry and Cronan, 1992) afabB
(Campbell and Cronan, 2001a). Long-chain acyl-CoAs regulate the DNA bindingyaativi
FadR (DiRusset al., 1992; DiRusset al., 1998; Raman and DiRusso, 1995). The seéond
coli regulator, FabR, acts as a repressor ofdh& andfabB genes (Zhangt al., 2002) but it is

currently unclear which ligand(s) modulates its activity. FadR and FabR inalse s

13



phylogenetic distribution and their homologs can be found in the spedisshefichia,
Salmonella, Yersinia, Vibrio, Haemophilus, andShewanella.

A separate transcriptional system regulating the expression of EA8lines has been
described irB. subtilis and is mediated by FapR (Schujnghal., 2003). Subsequent work
demonstrated that malonyl-CoA functions as the direct and specific sagraéfcontrol of
FapR activity (Schujmast al., 2006). Binding of malonyl-CoA, the key intermediate in fatty
acid formation, promotes dissociation of the FapR-DNA complex resulting in tiggtreae of
FASII genes. FapR homologs can be identified in various gram-positive basteri as
Bacilli, Listerias andStaphylococci. There is no substantial information on the regulation of
fatty acid biosynthesis in most bacteria including cyanobacteria, actiedbagtc.

Most of the information regarding the regulation of FAS1 and FAS2 gene sixprés
fungi comes from the studies $cerevisiae. In this organism FAS1 and FAS2 expression is
controlled by the lipid precursors choline and inositol through WASequences (Schulleral.,
1992). In additionFASL andFAR2 genes are activated by the general transcription factors Gerl,
Abflp Raplp and Rebl and contain the respective binding sites in their promoter regions
(Greenberg and Lopes, 1996; Schudeal., 1994). Analysis oA. nidulans, D. hansenii andY.
lipolytica genomes indicate that these oleaginous fungi do not harbor proteins with significant
similarity to theSaccharomyces Gerlp and Abflp transcription factors. However, they contain
homologs of the Rebl regulator (AN4618.2, DEHAOE132669g and YALIOF20460g, respectively)
andD. hansenii contains a protein (DEHAO0C13959g) with relatively low similarity score
(expectation value of -30) to Raplp. There is no experimental information on the regoflator
fatty acid synthesis in these oleaginous fungi and the above genomic observatmorssatent

with the hypothesis that despite the high similarity in the structure and paganiof the FAS
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genes their regulation may vary significantly among organisms. An ibgyedservation
regarding the interrelationship between 8aecharomyces FASL andFAS2 genes refers to the
dependence &FAR2 mRNA abundance oRASL expression (Wenet al., 2001).

Overexpression of FAS1p increa$es32 levels whereaBASL mutants have decreased levels of
FAS2 mRNA. On the contrarfgASL expression is independentfeAS2 expression. The
responsible regulatory site is located within the coding sequeka&af Whether this auto-

regulatory mechanism is conserved in other fungi remains to be established.

3.5 Unsaturated fatty acid biosynthesis

Besides acyl chain length, the saturation degree of the fatty acidsaplayportant role
in the physical properties of the resulting biodiesel. Particularly, it inflethe viscosity in
low temperaturescis-Unsaturated and polyunsaturated fatty acids (UFAs and PUFAS) play vital
roles in membrane biology and their relative content influences the physicaltig®pémost
membrane systems regulating the fluidity of cellular membranes. Twao maghanisms have
been described that synthesize UFAs: the oxygen dependent fatty acid desgtathtvay
which has representatives in both bacteria and eukaryotes and the anaerolay pdticty
inserts the double bond concomitantly with the elongation of the acyl length as éeehlyyli
theE. coli system. The oxygen-dependent dehydrogenation at a specific position ofithe ac
chain is catalyzed by fatty acid desaturases and resultssiauble bond. Fatty acid
desaturases with specificity for different positions of the acyl chainliese described in a
variety of organisms; for instand®, subtilis has aA5 (acting on the fifth carbon of the acyl
chain) desaturase (Aguilaral., 1998). The biotechnological potential of fatty acid desaturases

for the synthesis of UFAs and PUFAs has been studied extensively (Eiian@004; Qiet al.,
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2004). Fatty acid desaturases are particularly abundant in soil and aquatia.badter
cyanobacteria that have been sequenced to date have multiple desaturasegandines

which have presumably distinct specificities and potentially resultingnithegis of
polyunsaturated fatty acids. A two-component regulatory system that contrass&prof the

B. subtilis desaturase at low temperatures has been described (Atyalla2001). The

histidine kinase DesK senses changes in membrane fluidity caused by lowatengseor other
factors and activates the response regulator DesR which induces ptemsaf the desaturase
(Aguilar and de Mendoza, 2006). Close homologs of the DesK-DesR system can beddantifie
otherBacilli but not in other organisms suggesting the existence of divergent (at leastsimterm
sequence similarity) regulatory systems.

S cerevisiae has a single fatty acid desaturase, Olelp, generating a double bond9n the
position of fatty acids (Stukest al., 1989).A. nidulans andD. hansenii each have two fatty acid
desaturase genes in their genomes (AN6731.2, AN4135.2 and DEHAOF04268g,
DEHAOF25432g, respectively) whereédipolytica has one (YALIOC05951g). Transcription
of Olel in S cerevisiae depends on two transcription factors, SPT23 and MGA2. Disruption of
either gene has little effect on Olel whereas disruption of both genes resukotrophy for
UFA (Zhanget al., 1999). A. nidulans, D. hansenii andY. lipolytica genomes encode proteins
with relatively good similarity to the SPT23 and MGA2 proteins (20-30% amino cidity);
these homologs may be involved in regulation of UFA synthesis.

Multiple desaturases have been also characterized from plants and much woegnhas be
focused on their action and regulation because of the significant dietary valugurfgadlirated

fatty acids. Multiple desaturases are easily recognized in the genbalkalgae sequenced to
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date:C. rheinhardti has seven potential fatty acid desaturabgsseudonana thirteen,O. tauri

eight, andC. merolae four.

4. Transfer of acyl groupsto the membrane; Synthesis of PtdOH.

After they are formed, acyl groups are sequentially anchored onto tex@g-phosphate
backbone to form PtdOH. Two enzyme systems have been described that mediate the
attachment of the first acyl group to generate 1-acylglycerol-3-phasfihatoPtdOH): the
universal glycerol-3-phosphate acyltransferase (GPAT) system aRdsiKdISY acyl-
phosphate-mediated system which appears to be confined in bacteria. GPAEsdtedynitial
acyl transfer from acyl-ACP onto glycerol-3-phosphate yielding LysoPtdRétent work has
uncovered an alternative route for the synthesis of LysoPtdOH in bactete RésX-PIsY
pathway (Luet al., 2006). PIsX catalyzes the reaction between acyl-ACP and phosphate
resulting in the formation of a novel intermediate, acyl-phosphate. PISY subsgtpaersters
the acyl group from acyl-phosphate to glycerol-3-phosphate yielding LysbPtd@e PlsX-
PIsY system for lipid biosynthesis is abundant in bacteria whereas the @B&tibn appears to
be limited to a few gram-negative genera Antinobacteria. The absence of PIsX-PIsY
homologs inActinobacteria suggests that many oleaginous bacteria utilize exclusively the GPAT
reaction for the initiation of TAG buildup.

The GPAT reaction is the only route described in eukaryotes for the assooiahe
acyl groups with the glycerol backbone. LysoPtdOH is subsequently acylatiedtt PtdOH in
a step catalyzed by 1-acyl-glycerol-3-phosphate acyltransfer&@AR). S cerevisiae
contains two genes encoding GPAT activities, YKR067w and YBLOIDwhansenii has also

two homologous genes whereadipolytica andA. nidulans have only one GPAT gene. &
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cerevisiae the second acyltransferase (AGPAT) is encoded b§iE& gene and single copies
of this gene can be found in the other fungal genomes.

Two classes of GPATs have been describe¥l thaliana: one isoform is located in the
plastid (Nishidaet al., 1993) whereas a separate gene family encompassing six members encodes
extraplastidial GPATs (Zherg al., 2003) presumably residing on the endoplasmic reticulum.

Five Arabidopsis genes code for AGPAT enzymes, one of which is targeted to the plastid (Kim
and Huang, 2004). The compartmentalization of PtdOH synthesis in two separatdesgane
(plastid and ER) is a well-developed theme in plant lipid biology. Examination of the alga
genomes indicates that they contain only the plastid versions of the two aéstases involved

in PtdOH formation.T. pseudonana, P. tricornutum, C. merolae, C. rheinhardtii, andO. tauri

are all missing recognizable extraplastidial GPAT homologs suggektit either PtdOH
synthesis occurs exclusively in the plastid or that the enzymes have duablitmalboth in the
plastid and the ER. If the former hypothesis is true then lipid traffickingdesgithe plastid and
the ER would be important since the ER is the organelle where phospholipid and TAG synthesis
occurs. Overexpression of plant and bacterial GPAT activitidstimaliana resulted in

increased seed oil content (Jairal., 2000). Also, overexpression of the yeast AGPAT in plants
leads to 50% increase in TAG levels (Zaal., 1997). The above observations are consistent
with the general theme that overexpression of any enzymatic step in theysaldsacang to

TAG increases the flow of carbon through the lipid pathway and causes actomofdd AGs.

5. Triacylglycerol biosynthesis.

5.1 Phosphatidate phosphatases. PtdOH is a key branching pointde novo lipid metabolism

and it is converted either to CDP-DAG or DAG depending on the organism. CDP-XAG a
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diacylglycerol (DAG) serve as intermediates in membrane phospholipid biosgrahdsin
addition, DAG is converted to TAG. Phosphatidate phosphatases (PAPs) in coordination with
phospholipid producing enzymes are key regulators of the flux of carbon towards TAGs. PAPs
catalyze the conversion of PtdOH to DAG,; the primary destination of DAG iyitfeesis of
membrane phospholipids whereas excess DAG is directed towards TAG. Redeimt Svor
cerevisiae has identified the PAP1 enzyme involvedieanovo lipid biosynthesis as the yeast
homolog of lipin (Haret al., 2006). Lipin was first identified in mammalian cells as a regulator
of lipid metabolism exerting a major effect on fat accumulation (Reg¢eal., 2001; Phan and
Reue, 2005). Lipin homologs can be identified in all eukaryotic genomes sequenced to date
including algae and plant<. merolae, T. pseudonana andC. rheinhardtii have one copy of the
lipin gene in their genomes wherefadhaliana has two copies.

The existence of PAP enzymes in certain bacteria is inferred byubtust of the
biochemical pathways (Dowhan, 1997). For example, cyanobacteria synthesizaslah
obligate intermediate in the formation of glycolipids and sulfolipids which gperitant
molecules for the organization of the thylakoid membranes. Certain grativgbsicteria also
use DAG in the synthesis of glycolipids. However, a bacterial PAP has not beehattaod
further research is needed to identify the genes coding for this activity.
5.2 Acyltransferases. Two types of reactions have been described that lead to formation of
TAG: the first is acyl-CoA dependent, utilizes DAG and acyl-CoA and isyzath by
diacylglycerol acyltransferase (DGAT) (Buhmetral., 2001), whereas the second is acyl-CoA
independent and uses phospholipid molecules as donors of the acyl group. The latter reaction is
catalyzed by phospholipid: diacylglycerol acyltransferase (PDA&h(@vistet al., 2000; Stahl

et al., 2004). The presence of DGAT and PDAT homologs in genomic sequences can serve as a
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useful marker for the ability of various organisms to synthesize TAGs. DGAEdDean
characterized from various organisms including mammals (Buletredn 2001), plants (Zoet

al., 1999), yeast (Sorger and Daum, 2002) and bacteria (B#halel 2004; Kalscheuer and
Steinbuchel, 2003). In contrast, PDAT enzymes have been characterized in plantsaondlye
(Dahlqvistet al., 2000; Stahét al., 2004). In yeast the PDAT reaction is catalyzed R@1

(LCAT RelatedOpen reading frame) gene product. The relative contribution of the fungal
DGAT and PDAT pathways to TAG accumulation was studiesl aerevisiae utilizing DGA1
andLRO1 mutants. Overall, the results suggest that Lrol contributes to TAG formation during
exponential growth whereas Dgal has significant participation in the stgtpmese and during
sporulation (Oelkerst al., 2002). DGAT and PDAT homologs can be identifie®irhansenii
andyY. lipolytica genomes suggesting the presence of both mechanisms for TAG formation in
these organisms. On the contrary, characterization Af taliana knockout line indicated that
the PDAT enzyme is not a major contributor to seed TAG content (Mleaake2005). DGAT
enzyme levels are important regulators of the cellular TAG content:xpression of

Arabidopsis DGAT1 in tobacco leaves and yeast increases TAG levels (Bouvierdhalve

2000). Overexpression Arabidopsis seeds also results in TAG accumulation (Jetka.,

2001).

DGAT and PDAT homologs can be easily identified in all algal genomes sequenced t
date, although they exhibit distinct distribution patterns. Examination of thegalgamic
sequences reveals thlatrheinhardtii has three genes encoding for DGATS but it is missing a
PDAT homolog. The diatomB pseudonana andP. tricornutum have both DGAT and PDAT

homologs. On the other har@, tauri lacks recognizable DGAT homologs but it does have a
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PDAT enzyme suggesting that TAGs are derived from phospholipids in this orgadism
merolae has DGAT but not a PDAT.

The first bacterial DGAT enzyme was identified and clone&cinetobacter baylyi sp
ADP1 (Kalscheuer and Steinbuchel, 2003). In addition, it was shown that this enagrfets
bifunctional and it also catalyzes the reaction between acyl-CoA andltthobleading to the
formation of wax esters (wax ester synthase, WS). DGAT/WS homologs camtigeden
multiple bacteria from diverse phylogenetic origins. In addition to maaynstofMycobacteria
and other soiRctinobacteria (Nocardioides, Rhodococcus, Sreptomyces), DGAT homologs can
be recognized in sodt-proteobacteriaBradyrhizobium japonicum), aquatic and sedimeft
proteobacteriaRolaromonas sp. JS666Rhodoferax ferrireducens DSM 15236), aquatig-
proteobacteriaRhotobacterium profundum, Psychrobacter arcticus, Psychrobacter cryohalensis
K5, Hahella chguensis KCTC 2396 Alkanivorax borkumansis), aquatic bacteroidetes
(Salinibacter rubber DMS 13855) and acidobacteri®olibacter usitatus Ellin6076).
Biochemical studies indicated that theinetobacter DGAT/WS can utilize acyl-CoAs of
variable length and its utility in producing fatty acid esters was erplbiy overexpression in
different host backgrounds (Kalscheeeal., 2004; Stovekest al., 2005; Uthoffet al., 2005).
Coexpression of thAcinetobacter WS/DGAT with plant acyl-CoA reductase (which catalyzes
the conversion of acyl-CoAs to fatty alcohols)Encoli caused the production of wax esters up
to 1% of the cellular dry weight (Kalschewetial., 2006b). Expression of the above WS/DGAT
in aS cerevisiae strain lacking all four acyltransferases responsible for neutral lipighiiussis
(TAGs and sterol esters) restored TAG formation but not sterol esteesimn(lalscheuest al.,
2004). It also resulted in the formation of fatty acid ethyl esters andafattysoamyl esters

demonstrating the ability of this enzyme to utilize short-chain alcoholshasrates. This
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remarkable property is directly applicable to biodiesel production. In a readgt Kalscheuer
et al (Kalscheuest al., 2006a) exploitedt. coli as a host for the production of biodiesel. They
coupled the expression of tAeinetobacter WS/DGAT with the expression of pyruvate
decarboxylase and alcohol dehydrogenase from the anaerobic ethanologenimbacte
Zymomonas mobilis. Coexpression of the three genes resulted in intracellular accumulation of
fatty acid ethyl esters (FAEES) consisting mainly of ethyl oleat®ncentrations up to 26% of
bacterial dry biomass. However, the formation of FAEEs was strictlyndepéon the presence
of sodium oleate in the medium underlining the inability of the WS/DGAT systenlize e
novo formed fatty acids itk. coli. This result is another manifestation of the tight control of
fatty acid biosynthesis and their destinatiofircoli, which has to be uncoupled in order to
channel fatty acids towards production of biodiesel. However, it also opens the door to the
exploration of other bacterial species, particularly those able to amgsacid, as potential
hosts.

TheArabidopsis AP2/EREBP transcription factor WRINKLED1 (WRI1) has been
identified as a regulator of seed TAG accumulation (Focks and Benning, 1998) aschénved
after the wrinkled appearance of the seed coat. Subsequent analysisdritietas 1 mutants
are defective in a regulatory factor that controls the glycolytic breakad sugars and the
availability of precursors for fatty acid biosynthesis and ultimately B&Gumulation (Cernac
and Benning, 2004; Ruuskgal., 2002) highlighting the interrelationship between carbon flow
through glycolysis and lipid metabolism. WRI1 homologs can be identified in the gembme
algaeO. tauri, O. lucimarinus andC. rheinhardtii but not inG. sulfuraria, C. merolae, T.

pseudonana andP. tricor nutum.
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6. Correlation of lipid accumulation with the cellular redox status.

In addition to acetyl-CoA, fatty acid biosynthesis needs substantial anadiOPH
to proceed. For the synthesis of every mol of C18 fatty acid there is a need fordf8 mol
NADPH. Biochemical studies in oleaginous fungi suggested that malic er{kfg)es a
critical step in supplying the necessary amount of NADPH for fatty gaithasis occurring
under conditions of nitrogen starvation, which induces lipid accumulation (Ratledg&'yann,
2002; Ratledge, 2004). It has been suggested that instead of the traditionakpgepeatdent
mechanism, a distinct route for converting glucose to acetyl-CoA operaiEsaginous fungi.
Under nitrogen limiting conditions cells activate AMP deaminase in an éffedavenge
additional nitrogen from intracellular resources. AMP deaminase coiMdi®sto inosine-5-
monophosphate and ammonia. The decrease in AMP concentration has an inhibitory effect on
isocitrate dehydrogenase, a TCA cycle enzyme, which requires AMR #mtivity. The
accumulating isocitrate is readily converted to citrate via aconitasateate is subsequently
effluxed from the mitochondrion to the cytoplasm. Cytosolic citrate is comviertgcetyl-CoA
and oxaloacetate via the action of ATP-citrate lyase (ACL) whichyzatslthe reaction
Citrate + CoA + ATP -> Acetyl-CoA + Oxaloacetate + ADP + Pi
The resulting acetyl-CoA is used for fatty acid biosynthesis whereas dleaogtate is
converted to malate (via malate dehydrogenase) which enters the mitocherideaaunterion
in the citrate efflux. The above route provides additional acetyl-CoA units fddipidup; in
addition, malic enzyme supplies NADPH by catalyzing the reaction
Malate + NADP -> Pyruvate + C@+ NADPH
The above schema is supported by observatioAsnidulans mutants lacking malic enzyme

activity (Wynnet al., 1999). The mutant cells accumulated only half the amount of lipids that
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wild-type cells did. Further research is necessary to acquire a cerpletre of the
interrelationships and dependence of lipid biosynthesis on the overall redox stateedif the ¢

especially in bacteria and algae.

7. Conclusions and per spective.

Our understanding of the biochemical and genetic steps that comprise antdggdla
metabolism and oil accumulation has increased significantly during tHewagears. The
genes and pathways responsible for fatty acid and TAG biosynthesis have b&é&adde
multiple model organisms. However, most of the work was performed with a mindgéeof e
identifying potential drug targets in animal and plant pathogens or improving thénatrit
value of agricultural products. A new end point of lipid research has to be introduced and this is
the massive generation of fatty acids and/or TAGs that will serve as theatawatfor
biodiesel production.

Although the basic biochemical reactions utilized in lipid biosynthesissaengally
identical among the major domains of life, the multiple versions of enzymes,gyathwd
regulatory networks that participate indicate the fine tuning of these pathovtye
environment. The emerging theme from genome comparisons underlines the evolution of
distinct regulatory mechanisms in various phylogenetic groups. Carbon flow toatydscids
occurs in order for the cell to synthesize membrane lipids. In generalxpregsion of specific
enzymes does not have dramatic effects in overall lipid metabolism bedaeissteps in the
pathway become limiting. Therefore, genetic engineering of specifis ptebably will have
limited impact in overall lipid metabolism. However, genetic modification @malination of

anabolic, catabolic and regulatory steps may lead to profound increases in lipid aticunmul
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Further research into the regulatory mechanisms that govern various branghds of
metabolism is necessary in order to obtain a complete description of the rmioteeahanisms
that determine fatty acid and lipid accumulation.

All free-living organisms have the machinery to synthesize fatty andiscanceptually,
they could be exploited for biodiesel production. However, the photosynthetic organisms
provide the unique opportunity to couple £€@questration to lipid accumulation and subsequent
biodiesel production. In light of the recent genome sequence data and the emergence of
synthetic biology we believe that research on the biochemistry and regwéatnicrobial lipid

accumulation is necessary in order to develop competitive technologies fosblgaduction.

Figure L egends.

Figure 1. Overview of lipid biosynthetic pathways. Carbon sources are converted to pyruvate
which is subsequently converted to acetyl-CoA. Acetyl-CoA enters lipid bluesistvia the
action of acetyl-CoA carboxylase (ACC). Fatty acid biosynthesis protieexngyh the action of
either type-I (FASI) or dissociated type-1l (FASII) systems. f@seilting acyl groups are
subsequently attached on the glycerol-3-phosphate backbone either via an acyltphospha
intermediate or through the action of specific acyltransferases. PtdQOdtrisuded between
CDP-DAG and DAG. CDP-DAG and DAG are converted mainly to phospholipids via the
action of phospholipid synthases. Excess DAG is diverted towards TAG. TAGs can be al
derived from phospholipids via the action of PDAT. Abbreviations used: ACC, acetyl-CoA
carboxylase; MAT; malonyl-CoA:acyl-carrier-protein transasgla=ASI, type-I fatty acid

synthesis system; FASII, type-Il fatty acid synthesis systerss, @8Eyl-acyl carrier protein

25



thioesterase; PIsX, acyl-phophate synthase; PIsY, acyl-phosphatefBqarosphate
acyltransferase; GPAT, glycerol-3-phosphate acyltransferaseAAGRacylglycerol-3-
phosphate acyltransferase; CDS, CDP-diacylglycerol synhtetase; PAPhatiwdate
phosphatase; PLS, phospholipid synthases (referring to variety of enzymesggu@iP-DAG
and/or DAG for phospholipid synthesis); DGAT, diacylglycerol acyltraaskrPDAT,
phospholipid:diacylglycerol acyltransferase; DAG, Diacylglycer&lAFFree Fatty Acids; PL,

phospholipid; TAG, Triacylglycerol
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